Abstract Cocaine abuse represents an immense societal health and economic burden for which no effective treatment currently exists. Among the numerous intracellular signaling cascades impacted by exposure to cocaine, increased and aberrant production of pro-inflammatory cytokines in the CNS has been observed. Additionally, we have previously reported a decrease in retinoid-X-receptor-gamma (RXR-γ) in brains of mice chronically exposed to cocaine. Through obligate heterodimerization with a number of nuclear receptors, RXRs serve as master regulatory transcription factors, which can potentiate or suppress expression of a wide spectrum of genes. Little is known about the regulation of RXR levels, but previous studies indicate cellular stressors such as cytokines negatively regulate levels of RXRs in vitro.
Introduction
Exposure to cocaine induces expression of inflammatory factors, including tumor-necrosis-factor-alpha (TNF-α), in both in vitro systems and in vivo (Crawford et al. 2006; Ahluwalia 2011; Kousik et al. 2012) . Induction of inflammatory signaling cascades results in activation of MAP kinase kinases (MKKs) MKK4 and MKK7, which respond to environmental stressors, and in turn activate c-Jun-NH(2)-terminal kinase (JNK) via phosphorylation of Thr183 and Tyr185 (Moriguchi et al. 1997; Tournier et al. 2001; Bogoyevitch and Kobe 2006) . In turn, phosphorylated JNK activates a number of pathways through its kinase activity, most notably the c-jun/AP-1 pathway which regulates transcription of a number of genes involved in cellular processes such as apoptosis, differentiation, cell cycle and inflammatory response (Bogoyevitch and Kobe 2006; Karin 1996) . More recently, it has been demonstrated that JNK phosphorylates specific nuclear receptor transcription factors, which may impact their function, DNA-binding activity, and/or degradation (Bogoyevitch and Kobe 2006; Adam-Stitah et al. 1999; Lee et al. 2000; Srinivas et al. 2005; Zimmerman et al. 2006) . Among the nuclear receptors identified as substrates for Electronic supplementary material The online version of this article (doi:10.1007/s11481-014-9573-x) contains supplementary material, which is available to authorized users.
phospho-JNK, the retinoid-X-receptor-alpha (RXR-α) has been demonstrated to be phosphorylated at multiple residues in hepatocytes and COS-1 cells following treatment with proinflammatory cytokines such as interleukin 1-beta (IL-1β) or activation of stress pathways through UV irradiation (AdamStitah et al. 1999; Zimmerman et al. 2006) . Additionally, treatment with TNF-α or IL-1 decreases the levels of a number of nuclear receptors, including RXR-α, peroxisome proliferator-activated receptor (PPAR)-α, and PPAR-γ in liver cells in vitro through an uncharacterized mechanism (Kim et al. 2007 ). The IL-1β-induced reduction in liver RXR-α levels was demonstrated in vivo, as well (Kosters et al. 2009 ). Despite mounting evidence for a critical role of RXRs in maintaining neuronal health and neurocognitive function, very little literature exists on the regulation of these receptors in response to cellular stress within the CNS. Similarly, very little is known about the regulation of the alternative RXR isoforms, RXR-β and RXR-γ, which share high sequence homology to RXR-α, but differ in their N-terminal activation domains as well as in their tissue-specific expression patterns (Bastien and Rochette-Egly 2004) .
Retinoid-X-receptors (RXRs) are required heterodimer partners for a number of ligand-activated transcription factors including the retinoic acid receptor (RAR), thyroid hormone receptor (TR), vitamin D receptor (VDR), and PPAR (Bastien and Rochette-Egly 2004; Mangelsdorf and Evans 1995; de Urquiza et al. 2000) . While whether or not the presence of ligand is required for RXR activity is a topic of controversy, it is well established that other nuclear receptors must be partnered to RXR in order to function as transcriptional regulators (Kliewer et al. 1992) . Therefore, alterations in nuclear RXR levels and/or function may impact multiple signaling pathways and result in disrupted expression of a number of target genes. Retinoid-X-receptor-γ (also known as NR2B3) exhibits restricted expression compared to the more ubiquitously found RXR-α and -β, however, it is highly enriched within the CNS and is the only RXR isoform known to be expressed in certain brain regions, including the hypothalamus (Sugawara et al. 1995; Zetterstrom and Lindqvist 1999) . Furthermore, RXR-γ is highly expressed in the striatum where it is known to play a critical role in dopaminergic signaling, dopamine-mediated locomotor activity, and reward processing (Krezel et al. 1998; Krzyzosiak et al. 2010; Samad et al. 1997 ). Thus, RXR-γ represents a likely nuclear receptor candidate to be impacted by cocaine. In this context, we have previously demonstrated a significant decrease in RXR-γ expression in brains of cocaine-treated mice (Kovalevich et al. 2012a ). Furthermore, we observed decreased mRNA and protein expression of neurogranin (Ng), a synaptic plasticity-related protein shown to be regulated by TR/RXR heterodimers at the transcriptional level (Kovalevich et al. 2012a; Iniguez et al. 1993; Husson et al. 2004 ).
While the degree to which cocaine is directly neurotoxic is a subject of debate, studies demonstrate that cocaine exposure at physiologically relevant doses induces apoptosis via TNF-α-mediated mechanisms in a number of cell types including human brain endothelial cells, fetal rat locus coeruleus neurons, human progenitor neurons, and PC12 cells (Crawford et al. 2006; Snow et al. 2001; Dey and Snow 2007; Lepsch et al. 2009; Lee et al. 2001) . Additionally, cocaine has been shown to significantly compromise the integrity of the bloodbrain-barrier (BBB), allowing inflammatory factors from the periphery to traffic into the CNS (Kousik et al. 2012) . In fact, cocaine has been shown to contribute to these processes via JNK activation (Yao et al. 2009a (Yao et al. , 2011a . Both cocaine abuse and chronic exposure to cytokines due to infection or disease are associated with significant neuronal dysfunction and cognitive impairment (Washton and Tatarsky 1984; Ferris et al. 2008; Rojo et al. 2008) . As RXRs are critical regulators of neuronal health and plasticity, cocaine-mediated dysregulation of RXR signaling may contribute to cognitive deficits and neurodegenerative processes commonly observed in drugabusing populations. Furthermore, as sustained CNS TNF-α expression is a hallmark of a number of neuroinflammatory diseases including HIV-associated encephalitis (HIV-E), multiple sclerosis (MS), Alzheimer's disease (AD), and Parkinson's disease (PD), JNK-mediated degradation of RXRs may have a profound impact on the severity of neuronal dysfunction in these diseases (Allan and Rothwell 2001; Achim et al. 1993; McCoy and Tansey 2008) . Importantly, disrupted signaling of RXR and of nuclear receptors that partner with RXRs has been reported in many of these disorders (Connor and Sidell 1997; Theodosiou et al. 2010; Huang et al. 2011; Karter et al. 1995) .
In this study, we investigated the neuron-specific mechanism(s) underlying the cocaine-mediated decrease in RXR-γ levels in response to chronic cocaine exposure that we previously reported in vivo (Kovalevich et al. 2012a) . We hypothesized that cocaine-mediated induction of TNF-α leads to phosphorylation and subsequent nuclear export and proteasome-dependent degradation of RXR-γ in a JNKdependent manner. We found significantly decreased expression of RXR-γ in neurons in response to cocaine treatment, which could be attenuated by administration of a TNF-α function-blocking antibody or JNK inhibitor, as well as by proteasomal inhibition. Treatment with TNF-α alone mimicked the effects of cocaine, and degradation of RXR-γ appeared to be dependent upon its nuclear export. Taken together, these studies indicate that neuronal RXR signaling is significantly disrupted in response to cocaine and/or inflammatory cytokines. These findings could have significant implications for addressing neuronal dysfunction in drugabusing populations, and likely extend to a number of neurodegenerative disease states that are characterized by chronic neuroinflammation.
Experimental Procedures
Animals and Tissue Harvest Wild type C57Bl/6 male mice obtained from Charles Rivers were utilized for this study. All procedures were approved by Temple University IACUC and were conducted accordingly. Mice were housed in a temperature controlled (21-23°C) animal facility with constant airflow and were provided food and water ad libitum. Mice were divided into three groups (n=6-10 mice per group): control and cocaine as previously described (Kovalevich et al. 2012a, b) . Control mice received an intraperitoneal injection of 200 μl sterile saline once per day for 10 days. The cocaine groups received intraperitoneal injection of 15 mg/kg of cocaine dissolved in 200 μl sterile saline once per day for 5 or 10 days (Kovalevich et al. 2012a, b; Yao et al. 2011b ). Mice were weighed every day before injection. Mice were heavily anesthetized with isoflurane and decapitated immediately after the last cocaine injection. Brains were quickly removed and placed into ice-cold 1X PBS. Brains were then sectioned into right and left hemispheres. The left hemisphere was fixed in 10 % buffered formalin for 24 h and processed for immunolabeling by standard paraffin embedding and sectioning. Hippocampal tissue was dissected from the right hemisphere and stored at −80°C.
Protein Extraction from Tissue Brain tissue was homogenized by mechanical dounce disruption on ice in TNN buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 % NP40, 1: 200 protease inhibitor cocktail; Calbiochem, San Diego, CA, USA). Tissue homogenates were centrifuged at 13 000 X g at 4°C for 5 min. The supernatant containing proteins was collected and protein concentration was determined by the Bradford assay for Western analyses.
Immunofluorescence Labeling of Tissue Four μm coronal sections of formalin-fixed, paraffin-embedded tissues were placed on to electromagnetically charged glass slides. Sections were deparaffinized in xylene and rehydrated through descending grades of ethanol up to water. After non-enzymatic antigen retrieval in 0.01 M sodium citrate buffer (pH 6.0) for 30 min at 97°C in a vacuum oven, slides were washed with 1X PBS and placed in blocking solution (5 % normal goat or horse serum; Vector Laboratories, Burlingame, CA, USA) for 2 h at room temperature. Primary antibodies consisted of post-synaptic density protein-95 (PSD-95) (1: 200; Abcam), synaptophysin (1: 200, Abcam) and Abcam) . Sections were incubated with primary antibody overnight in a dark, humidified chamber at room temperature, rinsed 3 times with 1X PBS, and incubated with fluorescein isothiocyanate (FITC) (1 : 500; Vector Laboratories) or Texas Red (1 : 500; Vector Laboratories)-conjugated secondary antibodies for 1 h at 23°C in the dark. Sections were washed 3 times with 1X PBS, cover-slipped with an aqueous based mounting medium containing DAPI for nuclear labeling (Vectashield; Vector Laboratories), visualized with a Nikon ultraviolet inverted microscope, and processed with deconvolution software (Slidebook 4.0; Intelligent Imaging, Denver, CO, USA). Deconvolution was performed using SlideBook4 software, allowing acquisition of multiple 0.25 μm thick digital sections and 3-D reconstruction of the image.
Cell Culture SH-SY5Y neuroblastoma cells (ATCC® CRL-2266™, Manassas, VA) were maintained in a 1:1 ratio of Dulbecco's Modified Eagle Medium: Nutrient Mixture F12 (DMEM/F12) (Invitrogen, Carlsbad, CA, USA) containing 10 % fetal bovine serum (FBS) (Invitrogen). Twenty-four hours following initial plating, medium was replaced with neurobasal medium containing Glutamax and B27 supplement (Invitrogen) to induce a neuron-like phenotype (Kovalevich and Langford 2013; Borland et al. 2008 6 cells/ 60 mm dish coated with poly-D lysine in neurobasal media with B27 supplement, horse serum, and gentamicin (Invitrogen). After approximately 2 h, neurons were re-fed with the same neurobasal media. Twenty-four hours later, cultures were re-fed with a complete change of neurobasal media without horse serum. Four days later, one fourth of the media was removed and replaced with neurobasal media supplemented with fluoro-deoxyuridine (FDU) and uridine. Following FDU treatment, neurons were maintained in neurobasal medium containing Glutamax and B27 supplement, with half-media changes every other day. Purity of cell type specific cultures was assessed by immunolabeling for cell-type specific markers.
Plasmid Constructs For experiments requiring exogenous expression of RXR-γ, N2a cells were transfected with a myctagged human RXR-γ expression vector in a pCMV6 entry plasmid (Origene, Rockville, MD). Transfection was carried out using Fugene-mediated gene transfer according to manufacturers' instructions (Promega, Fitchburg, WI). Vector only (pCMV6)-transfected N2a cells served as controls. For luciferase assays, N2a cells were transfected with a human RXR-γ promoter Renilla luciferase reporter construct (Switchgear Genomics, Menlo Park, CA) or a random control construct (Switchgear Genomics). The random R01 construct contained 1 kb of non-conserved, non-genomic, and nonrepetitive fragments from the human genome cloned upstream of the luciferase reporter in place of the RXR-γ promoter to serve as an optimal background control. Additionally, a human GAPDH promoter luciferase reporter construct (Switchgear Genomics) was utilized as a transfection efficiency control and to assess positive luciferase expression.
In Vitro Drug Treatment Cocaine hydrochloride (SigmaAldrich) was dissolved in sodium citrate buffer (pH 5.0) to increase stability (Dey and Snow 2007) . Ten millimolar stock solution and subsequent dilutions were prepared daily and added to cell culture medium. A physiologically relevant dose of 5 μM was utilized for all experiments based on our previous experiments and those of others (Kovalevich et al. 2012a; Dey and Snow 2007; Yao et al. 2009a, b; Evans et al. 1996; Costa et al. 2013; Lee et al. 2008) . Sodium citrate buffer was used as the control vehicle during cocaine treatments. Cells were exposed to 10 μm forskolin or 30 nm dopamine (Calbiochem). Human recombinant TNF-α (Cell Signaling, Danvers, MA) was dissolved in PBS containing 5 % FBS and added to cell culture medium at a final concentration of 10 to 100 ng/ml, depending on the cell type being treated. Tumor necrosis factor-α neutralizing antibody (TNF-α nAb) (Cell Signaling) was diluted in sterile water and added to cell culture medium at a concentration of 0.5 μg/ml. Cells were pre-treated with TNF-α nAb for 2 h prior to cocaine treatments. The JNK inhibitor SP600125 (Cell Signaling) was dissolved in dimethyl sulfoxide (DMSO) and added to cell culture medium at a concentration of 10 μM. Cells were pre-treated with SP600125 for 16 h prior to cocaine or TNF-α treatment. Leptomycin B (LMB) (Cell Signaling) was dissolved in ethanol and added to cell culture medium at a concentration of 1 nM. Cells were pretreated with LMB for 3 h prior to cocaine or TNF-α treatment. Bortezomib (Bort) (Toronto Research Chemicals, Ontario, Canada) was dissolved in DMSO and added to cell culture medium at a final concentration of 100 pM. Cells were pre-treated with Bort for 16 h prior to cocaine or TNF-α treatment.
Cell Harvest and Protein Extraction Following treatment, cells were washed in 1× PBS, then scraped from plate and collected in ice-cold PBS. Cell suspension was centrifuged at 13,000 x g for 1 min and the supernatant was discarded. The cell pellet was then re-suspended in ice-cold HEPES lysis buffer (50 mM HEPES (pH 7.4), 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 10 % glycerol, 1 % Triton X-100) containing protease and phosphatase inhibitor cocktails (Calbiochem, San Diego, CA), vortexed, and incubated on ice for 10 min to complete cell lysis. Samples were then centrifuged at 13,000 x g for 10 min to separate insoluble material. The supernatant containing protein was collected and placed into clean, pre-chilled Eppendorf tubes and samples were stored at −80°C until protein analysis was performed. For experiments requiring nuclear/cytoplasmic fractionation, cells were collected similarly but lysed and fractionated using the NE-PER nuclear and cytoplasmic extraction kit according to the manufacturer's protocol (Thermo-Scientific, Waltham, MA). Following fractionation, nuclear and cytoplasmic lysates were stored at −80°C until analysis.
Western Blotting Equal amounts of protein were loaded (20 μg per lane unless otherwise indicated) onto pre-cast midi-gels (4-12 % Bis-Tris; Invitrogen), separated by electrophoresis and transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were blocked in 5 % non-fat milk or bovine serum albumin (BSA) in Tris-buffered saline, 0.1 % Tween-20 (TBST) for 30 min before incubation with primary antibodies. Primary antibodies included: RXR-γ (1:1,000; Abcam), GAP-43 (1:1000; Abcam), phospho-JNK (1:1,000; Cell Signaling), total JNK (1:1,000; Cell Signaling), phospho-serine (1:1,000; Sigma) and the loading controls tubulin (1:5,000; Sigma-Aldrich) and lamin A/C (1:1,000; Cell Signaling). Membranes were incubated for either 2 h at 23°C or overnight at 4°C, washed in 1× TBST, incubated with appropriate secondary anti-mouse or -rabbit antibodies (1:10,000; Thermo Scientific) for 1 h, and developed with ECL Prime (Amersham Pharmacia Biotech, Piscataway, NJ). Band intensities were calculated using ImageJ software and normalized to the loading control (Rasband 1997) .
RNA Extraction and quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR) Following treatment, cells were harvested in PBS as described above. Total RNA was extracted using the Qiagen RNeasy® kit according to manufacturer's instructions (Qiagen, Valencia, CA). Complementary DNA (cDNA) was generated using the iScript™ cDNA synthesis kit following the manufacturer's protocol (Bio-Rad). Generation of a cDNA product was verified using primers for the housekeeping gene GAPDH. The PCR reaction was performed using a 96-well thermocycler and a standard amplification program. PCR products were separated through 1 % agarose gel and visualized under UV light. Once a quality PCR product was confirmed for all samples, qRT-PCR analyses of RXR-γ and TNF-α were performed. Primer sequences utilized were: RXR-γ (F: 5′-aggcaggtttcggaagcttctg-3′; R: 5′-ggagtgtctccaatgagcttga-3′), T N F -α ( F : 5 ′ -c t g g g c a g g t c t a c t t t g g g -3 ′ ; R: 5′ -c t g g a g g c c c c a g t t t g a a t -3 ′ ) , a n d G A P D H ( F : 5 ′ -gtctcctctgacttcaacagc-3′; R: 5′-accaccctgttgctgtagccaa-3′). Reaction mixtures for qRT-PCR consisted of LightCycler® 480 SYBR Green I Master Mix (Bio-Rad), forward and reverse primers for RXR-γ, TNF-α, or GAPDH (housekeeping), 2 μL of cDNA (diluted 1 : 10) and H 2 O to bring the reaction volume up to 20 μL. Samples were placed in a 96-well plate and the qRT-PCR was performed on a Roche LightCycler® 480 (Roche, Indianapolis, IN). All reactions were performed in triplicate and amplification curves and C p values were obtained for analysis. Results were normalized against GAPDH using the ΔΔC t quantification method and expressed as mean±SEM.
Enzyme-Linked Immunosorbent Assay (ELISA) Cell culture supernatant from cocaine-treated SH-SY5Y cells and human primary neurons was analyzed by ELISA for levels of secreted TNF-α. Cells were treated with 5 μM cocaine and the cell culture medium was collected 30 min following treatment. Any non-adherent cells were removed by centrifugation and the remaining supernatants were analyzed using a human TNF-α ELISA kit according to manufacturer's instructions (BD Biosciences, San Jose, CA). One-hundred microliters of each sample (diluted 1:5 in sample diluent) was measured in duplicate and TNF-α levels were assessed by absorbance at 450 nm. Values were obtained and compared to the standard curve to extrapolate TNF-α concentration.
Luciferase Assay Neuro-2a cells transfected with the human RXR-γ promoter, GAPDH promoter, or a random 1 kb sequence (R01) driving a luminescent reporter gene (RenSP) were treated with TNF-α and assayed 24 h later according to the manufacturer's protocol (Switchgear Genomics). Briefly, cells were plated at a density of 10,000 cells per well of a 96-well cell culture plate and transfected with the appropriate promoter reporter constructs 24 h later. Following 36 h of transfection, cells were treated with 50 ng/ml of TNF-α for 24 h. Following treatment, the cell culture plate was frozen overnight at −80°C and thawed the following day to increase cell lysis and enhance luciferase signal. Samples were incubated in Lightswitch assay reagent (Switchgear) for 30 min in the dark and read on a luminometer (Perkin Elmer, Waltham, MA). Relative luciferase units were obtained for each sample and normalized to the untreated average value. Data were compared to R01 and GAPDH promoter activity to assess background luminescence and ensure luciferase expression from control promoter constructs was not affected by treatment.
Immunocytochemistry Following the appropriate treatment, cells plated on chamber slides were washed once with 1× PBS and fixed with 4 % formaldehyde for 15 min at 23°C. Following fixation, slides were washed with 1× PBS and cells were permeabilized with 0.2 % Triton X-100 for 15 min, washed again, and placed in blocking solution (5 % normal goat or horse serum; Vector Laboratories, Burlingame, CA) for 30 min. Slides were then incubated in primary antibody for 2 hr at 23°C. Primary antibodies consisted of RXR-γ (1:200; Abcam), myc (1:200; Origene), and phospho-JNK (1:200; Cell Signaling). Following incubation with primary antibody, slides were rinsed 3× with PBS, and incubated with fluorescein isothiocyanate (FITC) (1:500; Vector Laboratories) or Texas Red isothiocyanate (TRITC) (1:500; Vector Laboratories)-conjugated secondary antibodies for 1 h at 23°C in the dark. Sections were again washed 3× with PBS, cover-slipped with an aqueous based mounting medium containing DAPI for nuclear labeling (Vectashield; Vector Laboratories), and visualized with Leica Advanced Widefield imaging system (Leica Microsystems; Buffalo Grove, IL).
Immunoprecipitation For immunoprecipitation (IP) experiments, cells were harvested and lysed in RIPA buffer (20 mM Tris (pH 8.0), 150 mM NaCl, 1 % nonidet P-40 (NP-40), 2 mM EDTA, 10 % glycerol 0.5 % deoxycholic acid) containing protease inhibitor cocktail (1:100; Calbiochem), phosphatase inhibitor cocktail (1:100; Calbiochem), and 20 mM N-ethylmaleimide (Sigma) for 20 min on ice. Samples were centrifuged at 13,000 x g for 10 min to remove insoluble material, and supernatant containing protein was collected. One-hundred fifty μg of total protein was incubated with 1 μg/ml of IP antibody overnight at 4°C with end-over-end rotation. After incubation, 50 μL of Protein-A or -G bead slurry (Abcam), depending on antibody host species, was added and samples were incubated with end-over-end rotation at 4°C for 1 h. The beads with protein conjugates were washed 5 times with PBS and centrifuged to remove supernatant following each wash. After the final wash, protein was eluted from the beads by the addition of 50 μL of 1X NuPAGE LDS sample buffer and reducing agent (Invitrogen) and boiling at 90°C for 5 min. Samples were then centrifuged at 13,000 x g at 23°C for 5 min and the supernatant was collected for western blotting, as described above.
Statistical Analysis All data were analyzed using student's ttest or one-way analysis of variance (ANOVA) with post hoc testing where appropriate using GraphPad Prizm® (GraphPad Software Inc., San Diego, CA). Results were expressed as mean±SEM, n≥3. Values of p≤0.05 were considered statistically significant.
Results
Cocaine Administration Decreases RXR-γ and its Target Protein, GAP-43 in the Hippocampus We have previously reported decreased levels of RXR-γ and one of its targets genes, Ng in specific brain regions following cocaine exposure in a murine model of chronic administration (Krzyzosiak et al. 2010; Kovalevich et al. 2012a) . Neurogranin is a postsynaptic calmodulin-binding protein kinase C substrate that is regulated by retinoic acid. In this context, its pre-synaptic counterpart, growth-associated protein-43 (GAP-43) is also a calmodulin binding PCK substrate and is regulated by retinoic acid. Specifically, the GAP-43 promoter contains a retinoic acid responsive element (RARE), requiring RA for its transcriptional activation. Thus, to determine if like Ng as we previously reported (Kovalevich et al. 2012a) , GAP-43 is also affected by cocaine, we measured GAP-43 levels in the mouse hippocampus. Data show that GAP-43, along with RXR-γ is similarly decreased in the hippocampus by chronic cocaine exposure (Fig. 1a, b , e and f) and in neurons treated with cocaine ( Fig. 1g and h) . Thus, our observation that cocaine downregulates hippocampal GAP-43 expression supports our previous data that cocaine leads to dysregulated retionoic acid signaling that affects synaptodendritic connections. To illustrate further synaptodendritic dysregulation in mice administered cocaine, two commonly utilized pre-and post-synaptic markers, synaptophysin and PSD-95, respectively were assessed ( Fig. 1c and d) . As expected, immunofluorescence labeling indicated that along with GAP-43, synaptophysin and PSD-95 were decreased as well, indicating loss of synaptodendritic markers in the hippocampus of cocaine treated mice. These results may be significant in that PSD-95 anchors and organizes NMDA receptors and other post-synaptic proteins necessary for proper connections (Glantz et al. 2007 ). In addition, synaptophysin is a well-established marker of synaptic density (Masliah et al. 1990) . Taken together, these data confirm that chronic cocaine administration results in loss of synaptodendritic density in the hippocampus.
Cocaine Exposure Induces Proteasome-Dependent Degradation of Neuronal RXR-γ in Vitro To determine the mechanism (s) underlying this down-regulation in a cell-specific context, we exposed SH-SY5Y human neuroblastoma cells and human Fig. 1 Cocaine administration decreases RXR-γ and GAP-43 levels in a time-dependent manner in the adult mouse hippocampus and in vitro. a, Densitometric analysis and (b) representative western blot of RXR-γ and GAP-43 expression in the hippocampi of control and cocaine-treated mice following a cocaine time course for 5-10 days. Retinoid X receptor-γ and GAP-43 expression were significantly reduced within 5 d of daily cocaine administration and expression of both proteins decreased in parallel. Data were analyzed by one-way ANOVA with Tukey's multiple comparisons post hoc test. n≥6 mice per group. Double-immunofluorescence labeling demonstrates decreased expression of PSD-95 (green) and synaptophysin (red) in the hippocampus of (d) cocaine-treated compare to (c) saline (ctrl) mice. e-f, Doubleimmunofluorescence labeling demonstrates decreased expression of GAP-43 (green) and synaptophysin (red) in the hippocampus of (f) cocaine-treated mice compared to (e) saline (ctrl). Nuclei are labeled with DAPI (blue). Magnification 40X, scale bar=40 μm. RXR-γ, retinoid X receptor-γ; GAP-43, growth-associated protein-43; PSD-95, postsynaptic density protein-95; DAPI, 4′,6-diamidino-2-phenylindole; Ctrl, control. *p<0.01. g-h, human primary neurons were treated with cocaine (5 μm) for 24 h and GAP-43 protein expression was assessed by western blot. g, Representative western blot of GAP-43 expression in control and cocaine treated neurons compared to tubulin loading control. h, Densitometric quantification of GAP-43 levels in control (Ctrl) and cocaine treated neurons. n=3; ** p=0.0056. Data were analyzed by unpaired ttest. GAPDH, loading control primary neurons to a physiologically relevant dose of cocaine (5 μM) in vitro (Evans et al. 1996) . SH-SY5Y cells resemble striatal catecholaminergic neurons and, similarly to striatal neurons, readily express RARs and RXRs (Hewson et al. 2002; Biedler et al. 1973) . Additionally, SH-SY5Y cells produce TNF-α in response to cellular stressors and are sensitive to a number of compounds known to induce toxicity in dopaminergic neurons (Kovalevich and Langford 2013; Gomez-Santos et al. 2007; Presgraves et al. 2004 ). These properties make them a relevant neuronal model system in which to evaluate neurodegenerative processes. Significantly decreased levels of RXR-γ were observed in both SH-SY5Y cells (69 % of control) and human primary neurons (74 % of control) within 1 h of cocaine treatment (Fig. 2a-e) . The levels of RXR-γ declined in a time-dependent manner, with maximal effect being observed at 24 h of cocaine treatment in SH-SY5Y cells (45 % of control levels) and at 6 h of treatment in human primary neurons (65 % of control levels) (Fig. 2a-c) .
To evaluate whether decreased protein expression of RXR-γ following exposure to cocaine was accompanied by GAPDH. e-g, SH-SY5Y cells and human primary neurons were treated with 5 μM cocaine for 6 h in the absence or presence of the 26-S proteasome inhibitor, Bortezomib (Bort) (100 pM, 16 h pre-treatment). e and f, representative immunoblot of RXR-γ expression in (e) SH-SY5Y cells and (f) human primary neurons compared to tubulin loading control. g, densitometric analysis of e and f. All experiments were performed in triplicate (n≥3) and bar graphs depict mean±S.E.M. *p<0.05; #p<0.01 by one-way ANOVA a reduction in mRNA levels, qRT-PCR analysis of message levels of RXR-γ was conducted in SH-SY5Y cells and in human primary neurons in response to cocaine. In both cell types, message levels of RXR-γ were transiently reduced but recovered to baseline. In primary neurons, RXR-γ mRNA levels were significantly decreased at 30 min of cocaine treatment (77 % of control), but recovered to baseline shortly afterwards (Fig. 2d) . In SH-SY5Y cells, RXR-γ mRNA levels were significantly reduced at 1 h of cocaine treatment (65 % of control), but not at 30 min or 6 h of treatment (Fig. 2d) . After 24 h exposure to cocaine, no changes were observed. These findings suggest that cocaine may regulate RXR-γ expression by multiple mechanisms. While transcriptional repression may contribute to the reduction in protein levels, decreased mRNA production does not likely account for the rapid and sustained decrease in protein levels observed up to 24 h following treatment.
Because mRNA levels of RXR-γ decrease initially in response to cocaine treatment but then quickly recover to near baseline levels (Fig. 2d) , we sought to determine whether the observed rapid sustained decrease in protein levels was due to protein degradation. Inhibition of the 26-S proteasome with Bortezomib (Bort) (100 pM; 16 h pre-treatment) completely blocked the decrease in RXR-γ protein levels at 1 h of cocaine treatment in both SH-SY5Y cells and human primary neurons (Fig. 2e-g ). Treatment with Bort alone did not induce a significant change in RXR-γ levels, suggesting little protein is degraded under normal, non-stressed cellular conditions. These findings are in line with previous studies, which demonstrated that cytokine-induced repression of nuclear receptor signaling is due, in part, to increased protein degradation (Srinivas et al. 2005; Kosters et al. 2009; Boudjelal et al. 2000) .
Cocaine Exposure Induces TNF-α Expression and Phosphorylation of JNK in Neuronal Cells While RXRs are known to play a critical role in neuronal signaling, little information exists regarding how their levels are regulated. Our studies demonstrate that RXR-γ levels do not change in response to treatment with either dopamine or forskolin ( Supplementary  Fig. 1 ), both of which mimic dopamine 1 receptor activation by activating adenylyl cyclase and raising levels of intracellular cAMP. Therefore, the decrease observed in RXR-γ levels in response to cocaine is likely mediated primarily through a dopamine-independent mechanism.
Studies in other systems including cardiomyocytes, liver cells and lung carcinoma cells suggest that inflammatory cytokines such as IL-1β and TNF-α negatively regulate both retinoic acid signaling and levels of nuclear receptors (Srinivas et al. 2005; Zimmerman et al. 2006; Kim et al. 2007; Macoritto et al. 2008; Singh et al. 2012) . Evidence exists particularly for the TNF-α downstream effector JNK to play a role in nuclear receptor regulation in response to stress (Bogoyevitch and Kobe 2006; Lee et al. 2000; Srinivas et al. 2005; Zimmerman et al. 2006) . For example, RXR-α is a known substrate of phospho-JNK and JNK-mediated phosphorylation at specific serine residues regulates the subcellular localization and ubiquitination state of RXR-α in hepatocytes and cardiomyocytes (Lee et al. 2000; Zimmerman et al. 2006; Singh et al. 2012) . Furthermore, previous studies demonstrate that exposure to cocaine induces production and secretion of TNF-α both in vivo and in vitro (Ahluwalia 2011; Dey and Snow 2007; Lee et al. 2001) . Therefore, we hypothesized that cocaine-induced production of TNF-α may contribute to alterations in RXR-γ levels. To confirm these findings in our neuronal culture system, and to characterize the time course of JNK activation in response to cocaine treatment, we assessed TNF-α mRNA levels following a time course of cocaine treatment by qRT-PCR, and the amount of secreted TNF-α by ELISA following 30 min of cocaine exposure. Our results demonstrate that cocaine induced a 3.7-fold induction in TNF-α mRNA in SH-SY5Y cells within 30 min of treatment, and levels remain significantly elevated for up to 1 h (Fig. 3a) . Because message levels of TNF-α were significantly increased following 30 min of cocaine administration in SH-SY5Y cells, and ELISA analysis in previous studies demonstrates an increase in secreted TNF-α at 30 min of cocaine treatment in rat primary neurons (Dey and Snow 2007) , we examined levels of secreted TNF-α in the cell culture supernatant of SH-SY5Yand human primary neurons by ELISA at 30 min of cocaine exposure. Our results demonstrate significantly increased TNF-α secretion at 30 min of cocaine treatment in both SH-SY5Y cells (185.1 % of untreated control) and in human primary neurons (202.3 % of untreated control) (Fig. 3b) . These findings are in accordance with previous studies demonstrating TNF-α induction and release in cell cultures in response to cocaine treatment (Dey and Snow 2007; Lee et al. 2001) .
Increased extracellular levels of TNF-α typically result in activation of TNF receptors on nearby neurons, in turn triggering downstream signaling cascades including the phosphorylation of JNK. To confirm this signaling pathway is intact in our cell culture systems and to determine the time course of JNK activation in response to cocaine exposure as previously reported (Yao et al. 2009a ) SH-SY5Y cells and primary neurons were treated with cocaine and then harvested at various time points. Western blotting was performed to assess the ratio of activated JNK (P-JNK) to total JNK. Our results demonstrated that the P-JNK/total JNK ratio was significantly increased within 30 min of cocaine treatment in SH-SY5Y cells (2.0-fold induction over untreated control) and in human primary neurons (2.2-fold induction over untreated control) (Fig. 3c-e) . Expanded time course studies in SHSY neurons indicated that the pJNK/total JNK ratios remained elevated up to 24 h after exposure to cocaine (Fig. 3f ). These findings demonstrate that TNF-α release and phosphorylation of JNK shortly precede the decrease in RXR-γ protein levels (Fig. 2) . Interestingly, untreated SH-SY5Y cells expressed low levels of P-JNK constitutively, indicating these cells may produce low amounts of TNF-α under normal conditions, and/or that culture of SH-SY5Y cells in neurobasal medium activates JNK pathways during differentiation.
In Vitro Treatment with TNF-α Alone Mimics the Effects of Cocaine on RXR-γ Levels, while Inhibiting TNF-α Signaling During Cocaine Treatment Blocks the Effects on RXR-γ
Levels Since our findings demonstrate that cocaine treatment induces TNF-α expression and JNK activation at time points that shortly precede changes noted in RXR-γ levels in response to cocaine exposure, we evaluated whether TNF-α treatment alone would mimic the effects of cocaine on neuronal RXR-γ levels. In SH-SY5Y cells, TNF-α treatment induced a time-dependent decrease in whole cell RXR-γ protein levels as assessed by Western blot (Fig. 4a and b) . Levels of RXR-γ were significantly decreased in SH-SY5Y by 30 min of treatment (70 % of control), and remained decreased at 1, 6, and 24 h (Fig. 4a and b) . Because a significant reduction in RXR-γ was observed as early as 30 min in SH-SY5Y cells, we evaluated protein levels in human primary neurons following 30 min of TNF-α treatment. Levels of RXR-γ were significantly decreased by TNF-α treatment within 30 min (44 % of control) ( Fig. 4c and d) . Immunolabeling of untreated and TNF-α-treated primary neurons demonstrated barely detectable nuclear expression of RXR-γ in TNF-α-treated cells, which coincided with increased expression of P-JNK (Fig. 4e) .
Similarly to the cocaine-mediated effects on RXR-γ mRNA levels, TNF-α treatment induced a transient decrease in message levels followed by a return to baseline in both SH-SY5Y cells and human primary neurons (data not shown). To evaluate whether decreased promoter activity accounts for the decrease in RXR-γ mRNA levels in response to TNF-α, N2a cells were transfected with a human RXR-γ promoter luciferase construct and treated with TNF-α for 24 h. Promoter activity was slightly but significantly reduced in TNF-α treated cells compared to untreated controls (87 % of control) Fig. 3 Cocaine exposure induces neuronal TNF-α expression and JNK activation in vitro. a, SH-SY5Y cells were treated with 5 μM cocaine for 15 min to 1 h and mRNA levels of TNF-α were assessed by qRT-PCR and normalized to the housekeeping gene GAPDH. Quantification is shown as fold-change over untreated controls. b, SH-SY5Y cells and human primary neurons were treated with 5 μM cocaine for 30 min, then cell culture media was collected and assessed for levels of TNF-α by ELISA. Quantification is shown as fold-change over untreated control. ce, SH-SY5Y cells and human primary neurons were treated with 5 μM cocaine for 15 min to 1 h and the ratio of p-JNK to total JNK was determined by western blot analysis. c and d, representative immunoblot of P-JNK expression in (c) SH-SY5Y cells and (d) human primary neurons compared to total JNK levels in response to cocaine exposure. e, densitometric quantification of c and d. f) P-JNK ratios to total JNK in SH-SY5Y neurons exposed to cocaine up to 24 h. All experiments were performed in triplicate (n≥3) and bar graphs depict mean±S.E.M. *p<0.05; #p<0.01 by one-way ANOVA (Fig. 4f) . Luciferase expression in GAPDH-and R01-transfected cells did not change following TNF-α treatment, demonstrating specificity of TNF-α action at the RXR-γ promoter (Fig. 4f) . Similar to the effect seen in cocainetreated cells, proteasomal inhibition with Bort (100 pM; 16 h pre-treatment) attenuated the TNF-α-mediated decrease in RXR-γ levels at 1 h of treatment in SH-SY5Y cells ( Fig. 4g  and h ). These findings suggest that there are likely multiple mechanisms regulating the effects of TNF-α on RXR-γ levels, including a slight repression of promoter activity in addition to the robust increase in protein degradation.
To evaluate whether cocaine induces changes in RXR-γ levels through induction of TNF-α signaling, SH-SY5Y cells and human primary neurons were exposed to 1 h of cocaine treatment in the absence or presence of a TNF-α neutralizing antibody (TNF-α nAb) (0.5 μg/mL; 2 h pre-treatment). Following treatment with TNF-α nAb and cocaine, RXR-γ levels were not significantly different from control levels in Fig. 4 Treatment with TNF-α alone mimics the effects of cocaine on neuronal RXR-γ levels in vitro. a and b, SH-SY5Y cells were treated with 100 ng/ml human recombinant TNF-α for 30 min to 24 h and levels of RXR-γ were assessed by western blotting. a, representative immunoblot of RXR-γ expression compared to tubulin loading control. b, densitometric quantification of a. c-e, human primary neurons were treated with 10 ng/ml TNF-α for 30 min. c, representative immunoblot of RXR-γ expression in human primary neurons compared to tubulin loading control. d, densitometric quantification of c. e, doubleimmunoflourescence labeling of RXR-γ (green) and phosphorylated JNK (P-JNK) (red) in untreated (left panel) and TNF-α-treated (right panel) human primary neurons. Nuclei are labeled blue with DAPI.
Magnification=1,000x, scale bar 40 μm. f, N2a cells were transfected with a renilla luciferase reporter construct being driven by the human RXR-γ promoter, human GAPDH promoter (housekeeping), or random non-coding 1 kb sequence (R01) (background control). Luciferase signal from untreated and TNF-α-treated (50 ng/ml; 24 h) cells was determined and represented graphically. g and h, SH-SY5Y cells were treated with TNF-α (100 ng/ml; 1 h) in the absence or presence of Bort (100 pM; 16 h pre-treatment). g, representative immunoblot of RXR-γ expression compared to tubulin loading control. h, quantification of g. All experiments were performed in triplicate (n≥3) and bar graphs depict mean±S.E.M. *p<0.05; #p<0.01 by one-way ANOVA either cell type (113 % of control in SH-SY5Y cells and 103 % of control in human primary neurons), while cocaine treatment alone induced an approximate 40 % reduction, as previously noted (Fig. 5a-c) . A number of previous studies suggest that cytokines exert their effects on nuclear receptor signaling primarily through activation of JNK and subsequent P-JNK-mediated phosphorylation at specific residues of target nuclear receptors (Bogoyevitch and Kobe 2006; Adam-Stitah et al. 1999; Lee et al. 2000; Srinivas et al. 2005) . Therefore, we evaluated whether RXR-γ is phosphorylated in response to TNF-α treatment, and whether inhibition of JNK signaling with the specific pharmacological inhibitor of P-JNK Fig. 5 Inhibition of TNF-α signaling prevents cocaine-induced decrease in RXR-γ protein levels. a-c, SH-SY5Y cells and human primary neurons were treated with 5 μM cocaine for 1 h in the absence or presence of a TNF-α neutralizing antibody (TNF-α nAb) (0.5 μg/ml; 2 h pre-treatment) and harvested for protein extraction. a and b, representative immunoblot of RXR-γ expression in (a) SH-SY5Y and (b) human primary neurons compared to tubulin loading control. c, densitometric quantification of a and b. All experiments were performed in triplicate (n≥3) and bar graphs depict mean±S.E.M. *p<0.05; #p<0.01. d, RXR-γ is phosphorylated at serine residues in response to TNF-α exposure. Immunoblot demonstrates phospho-serine immunoreactivity in lysate following immunoprecipitation using anti-myc antibody. Lanes shown represent results obtained from the same membrane. Some lanes were excluded for clarity. No phosho-serine reactivity was observed in IP lane from vehicle-treated cells (Ctrl). H.C.; heavy chain. e-f, human primary neurons were treated with TNF-α (10 ng/ml; 30 min) in the absence or presence of SP600125 pretreatment (10 μM; 16 h pre-treatment). e, representative western blot of RXR-γ expression compared to tubulin loading control. f, densitometric quantification of (e). #p < 0.01 (SP600125 and SP600125 with TNF-α compared to control and TNF-α), *p<0.05 (control compared to TNF-α). All experiments were performed in triplicate (n≥3) and bar graphs depict mean±S.E.M by one-way ANOVA downstream kinase activity, SP600125, could attenuate the decrease of RXR-γ in response to TNF-α exposure. Immunoprecipitation experiments demonstrated that RXR-γ is phosphorylated at serine residues in response to TNF-α treatment (Fig. 5d) . Neuro-2a cells, which do not express endogenous RXR-γ, were transfected with myc-tagged RXR-γ plasmid DNA and treated with vehicle or TNF-α for 15 min. Because N2a cells do not respond to cocaine treatment, likely due to lack of appropriate receptors and endogenous TNF-α production, studies performed in N2a cells examined the effects of TNF-α treatment only. We confirmed phosphorylation of JNK in response to TNF-α but not to cocaine treatment in N2a cells in preliminary studies (data not shown). Following treatment with vehicle or TNF-α for 1 5 m i n, c e l l s w er e h ar v e s t e d a n d R X R -γ w a s immunoprecipitated using an antibody directed against the myc-tag. Western blotting with a phospho-serine primary antibody demonstrated presence of phosphorylated serine residues of RXR-γ in TNF-α-treated cells only (Fig. 5d) . Two distinct bands were present, correlating to RXR-γ and a second band approximately double the molecular weight that likely represents a phosphorylated RXR homodimer or heterodimer (Fig. 5d) . No phospho-serine reactivity was observed in the IP lane from untreated cells. The first lane demonstrates western blot of lysate only (no IP) showing detection of many phosphorylated proteins. The last lane shows IP with IgG only and expresses heavy chain (H.C.) immunoreactivity upon western blot analysis (Fig. 5d) .
We next investigated whether inhibiting the kinase activity of P-JNK with SP600125 during TNF-α treatment would prevent decreases in RXR-γ protein levels. Our findings revealed that SP600125 (10 μM; 16 h pretreatment) attenuated the TNF-α mediated decrease in RXR-γ protein levels in human primary neurons ( Fig. 5e and f) . Furthermore, treatment with SP600125 alone significantly increased the basal expression of RXR-γ in human primary neurons by more than two-fold ( Fig. 5e and f) . These findings suggest that induction of TNF-α signaling and resultant P-JNK activation are key mediators of cocaine-induced reduction in RXR-γ protein levels.
A Shift in Subcellular Localization of RXR-γ Occurs in Response to Cocaine and TNF-α Treatment In hepatocytes, the inflammatory cytokine IL-1β induces nuclear export of RXR-α in a JNK-dependent manner, which leads to proteasomal degradation of the protein in the cytosol (Zimmerman et al. 2006) . A shift in subcellular localization of RXRs to the cytoplasm suggests a loss of function, since these predominantly nuclear proteins act as DNA-binding transcription factors which bind to both target DNA recognition elements and to other nuclear receptors within the nuclear compartment (Bastien and Rochette-Egly 2004; Mangelsdorf and Evans 1995) . To assess whether exposure to cocaine induces nuclear export of RXR-γ in neuronal cells, we treated SH-SY5Y cells with cocaine for time intervals of 30 min, 1 h, and 6 h and assessed the subcellular localization of RXR-γ by nuclear/cytoplasmic fractionation followed by western blotting. Our results demonstrate the cocaine induces a decrease in nuclear levels of RXR-γ within 30 min (57.6 % of control), and a concomitant significant increase in cytoplasmic levels of RXR-γ compared to untreated cells (197 % of control) (Fig. 6a and b) . The cytoplasmic levels of RXR-γ remain significantly increased compared to controls for up to 1 h of treatment, while nuclear levels remain significantly decreased. By 6 h of cocaine treatment, cytoplasmic levels of RXR-γ returned to baseline while nuclear levels remained significantly lower than those of controls ( Fig. 6a and b) .
Because of the similarities in signaling in response to cocaine we have observed thus far between SH-SY5Y cells and human primary neurons, we elected to evaluate the subcellular localization of RXR-γ in human primary neurons following 30 min of cocaine treatment. Our results revealed a significant decrease in nuclear levels (83 % of control) along with a significant increase in cytoplasmic levels (194 % of control) ( Fig. 6c and d) . Likewise, immunolabeling experiments in human primary neurons following 30 min of cocaine treatment revealed detectable expression of RXR-γ in cell bodies and processes compared to untreated neurons, where RXR-γ expression was predominantly nuclear (Fig. 6e) . Furthermore, N2a cells transfected with myc-tagged RXR-γ plasmid DNA showed increased cytoplasmic expression of myc-RXR-γ following 15 min of TNF-α treatment in immunolabeling experiments (Fig. 6f) . These findings suggest RXR-γ may be exported to the cytoplasm following exposure to cocaine or TNF-α prior to degradation, and that genes regulated by RXR heterodimers binding to promoter recognition elements may be disrupted by decreased nuclear localization of RXR even prior to degradation events.
Degradation of RXR-γ is dependent upon its nuclear export Previous studies demonstrate that JNK-mediated phosphorylation of nuclear receptors may mediate subcellular localization and/or additional post-translational modifications that can signal for alterations in localization, such as nuclear export resulting from mono-ubiquitination (Bogoyevitch and Kobe 2006; Zimmerman et al. 2006) . To assess whether the nuclear export of RXR-γ we observed in response to cocaine and TNF-α treatment (Fig. 6 ) precedes its degradation, we inhibited nuclear export with Leptomycin B (LMB) prior to treatment. First, we demonstrate inhibition of nuclear export of exogenous myc-RXR-γ in response to TNF-α treatment in N2a cells by immunolabeling. Fluorescent labeling using primary antibody directed against myc demonstrates increased cytoplasmic expression of myc-RXR-γ in response to 15 min of TNF-α treatment (Fig. 7a , bottom left panel) compared to vehicle-treated cells where myc-tagged RXR-γ expression is predominantly nuclear (Fig. 7a, top left panel) . Leptomycin B alone did not affect normal localization of RXR-γ in vehicletreated cells (Fig. 7a, top right panel) , and blocked export of myc-RXR-γ in response to TNF-α treatment (Fig. 7a , bottom right panel). These findings confirm nuclear export in response to TNF-α exposure, and demonstrate for the first time that RXR-γ is exported from the nucleus in a CRM-1-dependent manner.
To evaluate whether nuclear export of RXR-γ in response to cocaine treatment is critical for protein degradation, we treated SH-SY5Y cells with cocaine in the absence or presence of LMB and evaluated whole cell RXR-γ protein levels. Our results demonstrated that pre-treatment with the nuclear export inhibitor LMB prevents whole cell decreases in RXR-γ protein in response to cocaine treatment (100.1 % of control in LMB + Coc group) (Fig. 7b and c) . Treatment with LMB alone slightly reduced RXR-γ levels (88.6 % of control), which has been observed in prior studies exploring nuclear export of RXR-α (Zimmerman et al. 2006 ) and may occur in order to prevent over-stimulation of RXR-dependent signaling pathways.
Our overall proposed signaling pathway is depicted in Fig. 8 . We provide evidence that cocaine induces neuronal expression of TNF-α and subsequent activation (phosphorylation) of JNK. Following activation, JNK may phosphorylate nuclear RXR-γ, leading to its ubiquitination, nuclear export, and proteasome-dependent degradation. Decreased nuclear expression of RXR-γ as a result of cocaine/cytokine exposure leads to reduced availability for heterodimerization with nuclear receptor partners and diminished DNA binding capacity for regulation of target genes.
Discussion
We have previously reported decreased protein and mRNA levels of RXR-γ in the brains of cocaine-treated mice, but underlying mechanisms remain unknown (Kovalevich et al. 2012a ). In the current study, we utilized in vitro neuronal systems to investigate the effects of cocaine on RXR-γ expression in a cell-specific context. While mechanisms underlying the regulation of RXR-γ in the CNS have been vastly unexplored, previous studies have demonstrated significant suppression of RXR-α signaling and levels in other cell types, including liver cells, keratinocytes, and cardiomyocytes in response to cellular stressors such as inflammatory factors and UV irradiation (Zimmerman et al. 2006; Kim et al. 2007; Boudjelal et al. 2000; Singh et al. 2012) . While RXR-α is ubiquitously expressed and plays a vital role in proper function of a number of organ systems, RXR-γ in the absence or presence of LMB (1 nM; 3 h pre-treatment) and RXR-γ levels were assessed by western blot. b, densitometric quantification of (c). c, representative western blot of RXR-γ expression compared to tubulin loading control. *p<0.05. All experiments were performed in triplicate (n≥3) and bar graphs depict mean±S.E.M by one-way ANOVA Fig. 8 Proposed signaling pathway. Cocaine induces neuronal TNF-α expression, leading to the phosphorylation of JNK. P-JNK can, in turn, phosphorylate c-jun to activate this pathway, and potentially phosphorylate RXR-γ. RXR-γ is exported from the nucleus to the cytosol in response to phosphorylation and potentially subsequent posttranslational modification such as ubiquitination. Following export, RXR-γ is degraded in the cytosol in a proteasome-dependent manner. In the absence of cellular stressors, RXR-γ is free to heterodimerize with nuclear receptor partners including RAR, TR, VDR, and PPAR. Ub; ubiquitin, P'some; proteasome exhibits much more restricted expression and little is known about its key functions. However, RXR-γ is highly enriched within the CNS including within dopaminergic neurons of the striatum, a key target of cocaine action. Furthermore, RXR-γ expression largely overlaps that of the TR/RXR-regulated synaptic plasticity protein, neurogranin, which we also found to be significantly down regulated in response to chronic cocaine exposure in vivo (Kovalevich et al. 2012a) .
In the present study, we report that in vitro cocaine treatment of SH-SY5Y neuroblastoma cells and human primary neurons induces a decrease in RXR-γ protein levels in both cell types, which can be prevented by proteasomal inhibition. Because cocaine is known to induce production of proinflammatory cytokines such as TNF-α both in vivo and in vitro (Ahluwalia 2011; Dey and Snow 2007; Lee et al. 2001) , we evaluated whether cocaine-mediated induction of TNF-α was responsible for the observed alterations in RXR-γ expression. In this context, we found that cocaine treatment induced TNF-α secretion and increased mRNA levels, and that inhibition of TNF-α with a function-blocking antibody during cocaine treatment attenuated the decrease in RXR-γ protein levels. Additionally, treatment of neurons with TNF-α alone mimicked the effects of cocaine, while inhibition of a key TNF-α downstream effector, JNK, with SP600125 attenuated TNF-α-mediated alterations in RXR-γ expression.
Retinoid-X-receptor-α is a known substrate of phopsho-JNK (Adam-Stitah et al. 1999; Kosters et al. 2009) , and its phosphorylation is believed to induce its nuclear export and degradation in non-CNS cell types, such as hepatocytes (Zimmerman et al. 2006) . Here, we provide the first evidence to date that RXR-γ may also serve as a substrate of phospho-JNK, and that phosphorylation likely negatively regulates levels of RXR-γ in neurons. Phosphorylation of RXR-γ could impact its DNA binding capacity or impair co-activator recruitment, an effect seen following JNK-mediated phosphorylation of RXR-α (Macoritto et al. 2008) . Both cocaine and TNF-α treatment induced a nuclear-to-cytoplasmic shift in RXR-γ subcellular localization, suggesting potential loss of function as a nuclear transcription factor. Whether cocaine or TNF-α-induced nuclear export and degradation of RXR-γ result in altered transcription of retinoid target genes in vitro will be the topic of future studies. Additionally, whether inhibition of P-JNK signaling can abrogate cocaine or TNF-α-mediated changes in gene expression will be investigated. Our findings were consistent between the neuronal cell line SH-SY5Y and human primary neurons, suggesting cocaine and cytokine-mediated down-regulation of RXR-γ is a general property of neuronal populations. There are many studies in the literature that use SH-SY5Y as a representative model for neuronal response to disease related factors. In this context, controversy exists as to whether SHSY cells are an appropriate model for studying neuronal response. Given the complex phenotype of SH-SY5Y as described by Kovalevich and Langford (Kovalevich and Langford 2013) , the fact that SH-SY5Y cells show the same responses as human primary neurons is notable. For example, retinoic acid treatment is a commonly used method to induce differentiation of SH-SY5Y cells into a mature neuronal phenotype, but controversy exists regarding the use of supplements or other methods to obtain expression of dopaminergic or cholinergic subtype (Presgraves et al. 2004 ). In fact, our choice of differentiation method ensured that GAP-43 would not be unintentionally increased (Sanchez et al. 2004; Kume et al. 2008) . Given the limitation of using retinoic acid in the current studies to differentiate SH-SY5Y, we have established that the modified approach as described in the methods section by using neurobasal medium containing Glutamax and B27 supplement is sufficient to study retinoic acid signaling in these commonly used neurons.
Cocaine treatment induced TNF-α production, as assessed by ELISA, with a maximal effect being observed at 30 min. This time course coincided with downstream JNK activation, as assessed by ratio of P-JNK to total JNK by western blotting. Our results appeared to be independent of cocaine's effects on the dopaminergic system, as treatment of SH-SY5Y cells with dopamine alone did not produce a discernible effect on RXR-γ expression. Interestingly, it has previously been reported that dopamine treatment induces TNF-α expression in SH-SY5Y cells (Gomez-Santos et al. 2007 ), an effect not observed in our studies. This discrepancy could be attributed to differences in dosage, as we selected to use a physiological dose of dopamine (100 nM), while previous studies instead utilized cytotoxic doses of 100 to 500 μM (Gomez-Santos et al. 2007 ). Additionally, differences in duration of treatment may have affected the observed outcomes. However, it remains a possibility that excessive synaptic dopamine resulting from cocainemediated inhibition of the dopamine transporter could induce cytotoxicity and inflammatory cascades through reactive breakdown products in vivo (Miyazaki and Asanuma 2008; Masserano et al. 2000) . Thus, the mechanism for cocainemediated induction of neuronal TNF-α expression is not entirely clear. The effect may be mediated by cocaine's interactions with proteins other than the dopamine transporter, such as sigma-1 (σ 1) receptors, which are also known to bind cocaine at physiologically relevant doses in vivo and may play a role in behavioral response to psychostimulant drugs (Sharkey et al. 1988; Matsumoto et al. 2002 Matsumoto et al. , 2003 . Interestingly, σ 1 receptor activation is primarily associated with immunosuppressive effects in peripheral immune cells (Roth et al. 2005) . However, the role of σ 1 receptor activation on immune response in neurons has yet to be characterized, while a number of studies suggest antagonism of σ 1 receptors could be therapeutically beneficial in the treatment of cocaine addiction and toxicity (Maurice et al. 2002; Matsumoto et al. 2001 ).
Our studies demonstrate multiple levels of cocaine and TNF-α-mediated regulation of RXR-γ including decreased mRNA levels and increased protein degradation. As we have demonstrated TNF-α exerts repressive effects on the human RXR-γ promoter, this likely accounts for the decreased production of mRNA levels. However, a potential direct impact of TNF-α on RXR-γ mRNA, such as alterations in mRNA stability, cannot be discounted and may be the topic of future studies. In this context, retinoic acid has previously been reported to decrease the stability of TNF-α mRNA (Motomura et al. 2001) , and the reciprocal relationship may exist but has not been previously explored. Furthermore, retinoic acid has previously been demonstrated to negatively regulate AP-1 responsive genes, at least in part through suppression of JNK activation (Schule et al. 1991; Lee et al. 1998; Li et al. 2001) . Our findings are in line with previous studies demonstrating IL-1β-induced increased proteasomedependent degradation of RXR-α protein (Zimmerman et al. 2006) . Whether cocaine and/or TNF-α similarly affect neuronal RXR-α and RXR-β is another topic for future investigations. Interestingly, one previous study suggests phosphorylation of RXR-α can confer resistance to subsequent ubiquitination and degradation (Adachi et al. 2002) . Differences in the effects of post-translational modifications such as phosphorylation likely depend on the residue modified as well as on the cell type. For instance, the prior study was performed in human hepatocellular carcinoma cells (Adachi et al. 2002) . Cancer cells commonly express aberrant signaling pathways and adapt mechanisms to promote survival and tumorigenesis and thus often fail to accurately reflect the processes, which occur in non-malignant cells.
Our current findings may extend to other CNS cell types. For example, it was recently found that RXR-γ serves a critical role in oligodendrocyte maturation and remyelination following white matter lesion (Huang et al. 2011) . We have previously reported a reduction in white matter protein levels and increased oligodendrocyte cell death in response to cocaine exposure in vivo (Kovalevich et al. 2012b ). Additionally, this loss of white matter was attenuated by administration of the β-lactam antibiotic, Ceftriaxone (Ceft). While the protective effects of Ceft on white matter integrity were attributed primarily to maintenance of glutamate homeostasis via up-regulation of glial glutamate transporters, decreased cocaine-mediated neuroinflammation and subsequent effects on oligodendrocyte RXR-γ expression and signaling cannot be discounted from playing a role in the Ceft-mediated protection.
Results from the current study could yield clinical implications in the treatment of drug abuse disorders, as emerging evidence over the past decade indicates the CNS immune response to drugs of abuse could have profound effects on neuronal signaling pathways and to the development of addiction and sickness behaviors during withdrawal (Ferris et al. 2008; Crews et al. 2011; Clark et al. 2013) . Particularly psychostimulants like cocaine and methamphetamine are associated with increased striatal expression of TNF-α mRNA (Clark et al. 2013 ) and microglial activation (Clark et al. 2013; Kuhn et al. 2006) . Similarly, a number of neurodegenerative diseases including HIVE, and Alzheimer's, Parkinson's and Huntington's diseases are characterized by chronic neuroinflammation and high levels of cytokines including TNF-α (Ferris et al. 2008; Rojo et al. 2008; Farooqui and Farooqui 2011; Tai et al. 2007 ). Additionally, a recent study by Hellmann-Regen et al. describes increased retinoic acid degradation by activated microglia (Hellmann-Regen et al. 2013 ), further supporting a role for disrupted retinoic acid signaling in response to immune activation. Importantly, administration of retinoic acid or RAR/RXR agonists has conferred neuroprotection in a number of animal models of neurodegenerative disease. For instance, a 2012 study by Cramer et al. demonstrated that administration of the RXR agonist bexarotene ameliorated pathological and cognitive deficits in an animal model of AD (Cramer et al. 2012) .
Overall, our findings describe a novel mechanism whereby cocaine and TNF-α negatively regulate levels of RXR-γ, potentially contributing to aberrant retinoid signaling and neuronal dysfunction. We also demonstrate this effect is mediated, at least in part, by activation of JNK and nuclear export of RXR-γ. The contribution of post-translational modifications such as phosphorylation, ubiquitination, and sumoylation to the regulation of RXR-γ levels and function are topics of ongoing studies in our laboratory. Additionally, the potential for therapeutic intervention to preserve RXRmediated signaling is being explored both in vitro and in vivo.
